Ets1 is an important transcription factor that is expressed in both the cardiac neural crest (NC) and heart mesoderm of vertebrate embryos. Moreover, Ets1 deletion in humans results in congenital heart abnormalities. To clarify the functional contributions of Ets1 in cardiac NC vs. heart mesoderm, we performed tissue-targeted loss-of-function analysis to compare the relative roles of Ets1 in these two tissues during heart formation using Xenopus embryos as a model system.
Introduction
In all vertebrate embryos, including humans, heart formation involves the integrated morphogenesis of different cell populations with distinct embryonic origins. 1 The anterior portion of lateral plate mesoderm contains two presumptive heart anlage that subsequently fuse into a single median heart anlagen, which in turn becomes subdivided into the first heart field that gives rise to the primitive cardiac tube and the second heart field that incorporates into the primitive heart via the arterial and venous poles. 2 Vertebrates also have an important cardiac neural crest (NC) contribution to heart development. Arising from the caudal hindbrain, cardiac NC cells in amniotes have been shown to migrate under the ectoderm and settle in the circumpharyngeal area of branchial arches 3, 4, and 6. 3 Some NC cells remain in the arches and contribute to the aortic arch arteries, 4 whereas others migrate along the aortic arch arteries to the heart and contribute to the outflow tract (OFT) septum that subdivides the OFT into the aorta and pulmonary trunk. This is critical since it effectively separates oxygenated from deoxygenated blood circulation. Cardiac NC cells of amniotes also populate the cardiac cushions, inflow tracts of the heart, the ventricular septum and form the cardiac ganglia. 5, 6 Both the cardiac NC and heart mesoderm are critical for heart development and many proteins have been identified in each tissue to regulate heart development, including Nkx2-5, Tbx5, Tbx20, Pax6, ADAM19, GATA6, 7 -16 and Ets1.
Ets1 is a member of a family of winged helix-turn-helix transcription factors that has important roles in a wide variety of biological processes, including regulation of cellular growth, differentiation, migration, and organ development. 17 Of particular relevance here, it has been shown to have an important and phylogenetically ancient role in heart development in animals ranging from fly to human. For example, in Drosophila, Ets1 regulates the cardioblast/pericardial cell fate decision. 18 In the urochordate, Ciona intestinalis, Ets1/2 directs cardiac lineage specification. 19 Zebrafish Ets1 and several Ets1-related proteins (Etsrp/Etv/Fli1) are important for endothelial differentiation and vasculogenesis. 20, 21 In chick, intravenous injection of antisense Ets1/2 retrovirus affects myocardial morphology and the endocardial to mesenchymal transition, leading to disorganized coronary arteries and ventricular septal defects. 22 In addition to its well-characterized presence in the endothelial cell lineage, Ets1 is also expressed in the pre-migratory and migrating cranial, including cardiac, but not trunk NC cells. 23, 24 In Ets1 knockout mice, cardiac NC failed to enter the proximal portion of the OFT, resulting in failure of membranous interventricular septum formation. Loss of Ets1 also leads to vascular inflammation and remodelling. 25 Similarly, deletion of a genomic region containing the Ets-1 gene in humans (Jacobsen syndrome) results in failure of interventricular septum formation. 26 However, the relative contributions of Ets1 in cardiac NC vs. heart mesoderm have not been compared in the same animal model. Thus, it remains unclear whether one or both of these tissues contributes to the major heart problems in Ets1 patients. Here, we take advantage of the power of experimental embryology in the frog, Xenopus laevis, to investigate the role of Ets1 in heart development individually in the NC and heart mesoderm. Xenopus has a threechambered heart, with one ventricle and a spiral septum that partially separates the OFT, resembling the early phase of conotruncal ridge formation in birds and mice. 27 Despite the incomplete physical barrier, it provides a fairly good functional separation of systemic and pulmonary blood at the arterial pole. Xenopus embryos offer several advantages for studying the relative contributions of NC vs. mesoderm to the developing heart. Its accessibility and well-established fate map allows precise targeting of knock-downs to particular tissue. Moreover, development of Xenopus embryos can proceed in the absence of a functional circulation system, allowing defects to be analysed in depth in living embryos. The results show that Ets1 is expressed in both NC cells and in heart mesodermal cells during Xenopus development. In cardiac NC, Ets1 mainly functions in their delamination and migration, with its loss resulting in defective aortic arch arteries as well as a misshaped OFT, similar to defects observed in DiGeorge patients. In contrast, loss of Ets1 in heart mesoderm leads to severe malformations including loss of the entire endocardium and formation of a single heart chamber comprising a thick layer of cardiomyocytes, a phenotype similar to hypoplastic left heart (HLH) syndrome in humans. These results show that Ets1 in both the cardiac NC cells and heart mesoderm is critical for normal heart formation, with different roles in the two tissues.
Methods
Details of experimental methods are provided in Supplementary material online.
Embryo manipulations, morpholino oligomers, and RNA preparation
Xenopus laevis embryos were microinjected with capped RNAs or morpholino oligomers (MOs) during early cleavage stages. Ets1-MO, RNAs of nuclear beta-galactosidase (nbGal), membrane-tethered EGFP, and mutated Ets1a and Ets1b and their doses used were described in Supplementary material online, Methods. The well-described X. laevis fate map was used to differentially target NC or cardiac mesoderm.
In situ hybridization
Whole-mount in situ hybridization was performed as previously described 28 (also see Supplementary material online, Method). Antisense probes for Ets1a, Ets1b, Twist, Snail2, Sox10, NeuroD, Pax6, Sox3, Nkx2-5, Tbx20, Tbx1, and Mef2 were synthesized with T7 RNA polymerase with linearized plasmid.
Cranial NC grafting and microscopy
Cranial NC explants were dissected from EGFP-labelled donor embryos at stage 13 -14 29 -31 and inserted isotopically and isochronically into unlabelled host embryos from which cranial NC tissue was removed. The grafted embryos were allowed to heal in MBSH media for 3 h and then transferred to 0.1× MMR before imaged at late tailbud stages. Time-lapse movies were recorded for 12 h using Zeiss LSM 5 EXCITER confocal microscope with a ×10 objective lens to follow the migratory behaviour of grafted NC cells in vivo from stage 16 to stage 30.
Results

Ets1 is expressed in both cardiac NC and heart mesoderm during frog development
In amniotes and likely all vertebrates, both the heart mesoderm and cardiac NC make important contributions to the heart and the OFT. As a first step in understanding the possible functions of this gene in heart development, we examined the expression pattern of the two Ets-1 paralogs in Xenopus to determine which may be functionally important for heart development. By in situ hybridization analysis, both Ets1a and Ets1b are expressed in NC cells as well as in heart mesoderm, although there are some distinct differences in the timing and level of expression ( Figure 1A ). Ets1a is weakly expressed in the neural plate border as well as in non-neural ectoderm during stages of NC specification (stages 12 -14) . Overlapping the anterior border of neural plate, Ets1a is also expressed in heart mesoderm. At stage 16, Ets1a is strongly expressed in both pre-migratory NC cells (arrow) and heart mesoderm (first heart field and blood islands, arrowhead), and faintly expressed in epidermis. In early tailbud stages (stages [22] [23] [24] , migrating NC cells express Ets1a as they enter the branchial arches. The future cardiac NC cells reside within the 3rd and 4th migratory streams. At early tailbud stages shown in Figure 1 , the 3rd and 4th migratory streams
have not yet completely separated. In the heart mesoderm, Ets1a becomes restricted progressively, such that it is only expressed in blood islands by tailbud stages. Ets1b is expressed more prominently than Ets1a in presumptive NC cells at the neural plate border starting at stage 12. It is expressed at a similarly robust level in heart mesoderm. Its expression persists in both NC cells (arrows) and heart mesodermal cells (arrowheads) as embryos develop to tailbud stages. Ets1b expression is slightly broader in the heart mesoderm than Ets1a at later stages. Its expression persists in the blood islands and first heart field at tailbud stages. Figure 1B shows the expression of NC marker gene Twist and cardiac marker gene Nkx2-5 at early neurula and tailbud stages for comparison. Nkx2-5 is expressed in the cardiac crescent (mainly second heart field at these stages) adjacent and posterior to the cement gland. The first heart field is immediately posterior to the second heart field. Taken together, these results show that Ets1a and Ets1b have largely overlapping expression patterns suggesting redundancy during heart development, with Ets1b being the more prominent transcript.
NC formation occurs in the absence of Ets1
Since both Ets1a and Ets1b are expressed in the presumptive cranial NC, we examined whether Ets1 plays an early role in NC development. A single translation-blocking MO was used to inhibit Ets1 protein expression since both Ets1a and Ets1b share a similar translation start site (see Methods). Ets1-MO was injected into one of the dorsal animal cells of Xenopus embryos at 8-cell stage, together with a lineage tracer (nbGal). In this way, it is not only possible to target the presumptive NC on one side of the embryo, but also to compare between the injected and uninjected side as an internal control. Embryos were collected at the neurula stage and in situ hybridization was performed with probes against NC and neural specification genes, such as Snail2, Sox3, and NeuroD. As shown in Figure 2 , the expression of Sox10 at early neurula stages was slightly reduced on the Ets1-MO vs. control side of the same embryo (arrowhead, n ¼ 5/13). However, Sox10 expression recovered at later stages, suggesting that Ets1 is not essential Figure 2 Loss of Ets1 primarily affects NC cell migration. Embryos receiving 10 ng of Ets1-MO on one side (marked by *) were analysed for NC, neural, or placodal gene expression by in situ hybridization. While the expression of Sox10 is slightly reduced on the injected side during NC specification, its expression pattern is strongly altered on the Ets1-MO-injected side at stages of NC migration. Specification of the trigeminal ganglia (NeuroD), lens placode (Pax6), and neural tube (Sox3) is unaffected, although the patterning of trigeminal ganglia is disrupted. These results suggest that Ets1 is mainly required for NC migration. Upper panels are dorsal views with heads to the left, lower panels are lateral views of the same embryo with their heads towards the middle. Scale bar ¼ 0.5 mm. n ¼ 25 -40 for each sample. Figure 1 Est1a and Ets1b are expressed in cardiac NC and heart mesoderm during frog development. (A) In situ hybridization analysis shows that both Ets1a (upper panels) and Ets1b (bottom panels) are expressed in pre-migratory and migrating NC cells (black arrows) as well as heart mesodermal cells (arrowheads). Ets1a is also expressed in epidermis (white arrow). (B) The expression patterns of the NC gene Twist and cardiac gene Nkx2-5 at neurula and tailbud stages are shown for comparison. Panels a, d, g, and j are at late gastrula stages (st. 12.5 -13); b, e, h, m, and o are at early neurula stages (st. 14 -15); k is at late neurula stage (st. 18); c, f, i, l, n, and p are at early tailbud stages (st. 23 -24) . Panels a, b, c, g, h, k, m are dorsal views; d, f, l, n, and p are lateral views; e is ventral view; i, j and o are anterior views. Dotted ellipse in e and j marks the cement gland (also the brown regions in panels n -p). All embryos have their head to the left. Scale bar ¼ 0.5 mm.
Dual roles of Ets1 in Xenopus heart development for NC formation. Since Ets1 is an important input for Sox10 and FoxD3, 32,33 loss of Ets1 most likely delays, but does not inhibit the specification program of NC cells. The neural marker Sox3 is highly expressed in the neural tube and faintly expressed in anterior NC migratory streams, and its neural tube expression was unaffected by Ets1-MO. Pax6, a marker for lens placode, was similarly unaffected by the loss of Ets1. In contrast, NeuroD expression in the trigeminal ganglia was abnormal after Ets1 loss. The lateral tip of NeuroD expression was often reduced or even missing (arrowhead). These results indicate that Ets1 may play a role in the migration or arrangements of NC and/or ectodermal placode cells, which together form the trigeminal ganglion.
Ets1 is required for NC migration
Because the abnormalities in trigeminal ganglion formation may be a secondary effect due to aberrant cell migration, we next examined the migratory behaviour of NC cells by both static and dynamic analysis. First we analysed the expression pattern of the NC gene Sox10, which is prominently expressed by all migrating NC cells at tailbud stages. Our results show that Ets1-MO disrupts NC cell migration when cranial crest cells are migrating towards the branchial arches ( Figure 2 ). NC cells on the Ets1-MO injected side (arrowhead) migrated a much shorter distance than those on the control side of the same embryo.
To confirm this migration defect is autonomous to the NC, cranial NC explants from EGFP-labelled donor embryos, treated with either Ets1-MO or control-MO, were transplanted to wild-type host embryos of the same stage from which the endogenous NC tissue was removed ( Figure 3) . When control EGFP-labelled cranial NC cells were grafted, they migrated efficiently to the branchial arches and segregated into four migratory streams. In contrast, grafts of Ets1-MO treated NC only migrated short distances and failed to segregate into many migratory streams. Consistent with Ets1's expression throughout cranial NC, all four cranial (including cardiac) crest streams were affected. To control for specificity of the morpholino knockdown, we conducted a rescue experiment in which embryos were co-injected with Ets1-MO plus 50 pg of mRNA constructs encoding Ets1a and Ets1b, but lacking the MO-recognition site. Under these conditions, NC migration was largely restored, demonstrating that the effect is specifically due to loss of Ets1 rather than off-target effects.
To quantitate these results, we measured the relative distance of migration of the leading NC cells along the dorsal-ventral axis as well as the number of distinct migratory streams. While control grafts travelled over 82% of the entire D-V axis and on average segregated into three to four (avg. 3.7) streams, Ets1-MO grafts only migrated 40% along the axis and segregated into one to two (avg. 1.7) streams. Coinjection of Ets1a/b mRNA efficiently restored migration and stream number to control levels (78% of D-V axis and 3.6 streams; Figure 3B ). Both the migration distance and streams of segregation were significantly reduced by Ets1-MO when compared with control or rescue conditions (P ,, 0.01). In contrast, there was no significant difference between control and rescued conditions (P ¼ 0.1/0/7), suggesting the rescue is efficient.
To perform a dynamic analysis of the effects of loss of Ets1, time-lapse movies were recorded from 3 h post grafting to early tadpole stages to visualize the process of NC migration (Supplementary material online, Movies S1-S3). As expected, control NC cells left the neural tube and rapidly migrated laterally as a cohesive group, undergoing collective cell migration. 34 In contrast, many Ets1-MO-treated crest cells failed to leave the neural tube. Those that did migrate away from the neural tube tended to do so as individual cells or small cell clusters, suggesting a loss of collective cell migration. As a result, they migrated shorter distances and in a disorganized manner. The farthest distances of NC migration along the D-V axis were measured in every embryo and the relative migration distance was calculated by comparing that to the entire D-V length of the embryo. In addition, the numbers of migratory streams were counted and summarized in the bar graph. Control grafts on average migrated 82 + 2% along the D-V axis and segregated into 3.7 + 0.1 streams. Ets1-MO decreased those into 40 + 4% of distance and 1.7 + 0.2 streams. Adding back Ets1a/b rescued the effect significantly, restoring the migration distance to 78 + 2% of the axis and migratory streams to 3.6 + 0.1. Asterisks indicates that Ets1-MO inhibited NC migration significantly when comparing to control or rescue conditions (with P , 0.01).
S
aortic arches
We next asked whether these defects in early NC migration might translate to later defects in the NC contribution to the cardiovascular system. To examine these longer-term effects, Ets1-MO was introduced into both sides of the NC forming region and embryos were raised to stages 28 and 45 for analysis. At stage 28, NC cells have not yet entered the primitive heart tube, which solely comprises heart mesoderm. In haematoxylin and eosin sections through control embryos, we observed a single endothelial heart tube and an almost closed myocardial tube ( Figure 4A) . After bilateral Ets1-MO knockdown targeted to the NC, the formation of the myocardial tube appeared normal (arrow), but the endocardial cells were delayed such that they were still condensing without a central dilatation (arrowheads). This may due to a minor developmental delay when embryos receive MO.
By stage 45, the formation of the three-chambered heart is completed in wild-type embryos. In contrast, embryos injected with Ets1-MO into the NC forming region displayed severe craniofacial abnormalities, a slight cardiac dysplasia, and cranial and pericardial edema (Supplementary material online, Figure S1 ). Rostral to caudal sections through the hearts of control embryos reveal two branches of aortic arch arteries that merge into aortic sac and extend into OFT with a spiral septum, which then goes into the ventricle ( Figure 4B) . In Ets1-MO expressing embryos, however, the aortic arch arteries were often malformed or missing on one side, consistent with the NC origin of the aortic arch arteries. 35 Despite the finding that the OFT was slightly misshapen and the spiral septum was less prominent, the OFT and the ventricle appeared relatively intact. Although there is no evidence that cardiac NC cells contribute to the spiral septum in the OFT, their interaction with heart mesenchyme cells may be required during the formation of the OFT and the spiral septum. The function of the heart appeared affected as well, since blood was trapped in the heart of experimental but not control embryos, suggesting that the circulation was impaired.
Ets1 is required in heart mesoderm for endocardium development
Ets1 is expressed in both the cranial NC and heart mesoderm of the frog.
To test the functional significance of Ets1 in heart mesoderm, Ets1-MO was targeted to both sides of the presumptive cardiac region at 8-cell stage. Embryos were then examined at stage 28 and stage 45 as described above (Supplementary material online, Figure S1 ). At stage 28, the myocardial layer appeared flat in Ets1-MO embryos compared with the trough shaped myocardium in controls ( Figure 4A, right panel) . The pericardial cavity was missing and the endocardium consisted of very few, non-descript cells. Such a severe defect suggests problems in the formation of the primitive heart tube from the first heart field. At stage 45, the formation of the heart was incomplete in Ets1-MOtreated embryos ( Figure 4B, right panels) . At rostral levels, the aortic arches appeared malformed. More caudally, the OFT was misshapen and the spiral septum was unrecognizable. Finally, the ventricle was underdeveloped, containing trapped blood inside. Interestingly, this phenotype is reminiscent of HLH syndrome in humans, a disorder for which there is no currently existing animal model. 36 The heart chamber appeared to be a simple expansion of the OFT that lacked the characteristic trabeculae normally present in its inner wall. Since trabeculae formation requires signals from the endocardium, the failure of trabeculae formation may be a secondary effect to the missing endocardium. These results suggest that Ets1 is critical for endocardium formation during heart development. Since the heart malformation may be secondary to the loss of endocardium tissue, we next examined the requirement for Ets1 in endocardium formation by directly analysing the expression of cardiac genes. Embryos receiving Ets1-MO on one side, targeted to either NC or heart mesoderm regions, were collected at stage 22 and subjected to in situ hybridization against Nkx2-5, Tbx20, and Tbx1 ( Figure 5 and Supplementary material online, Figure S2 ). When Ets1-MO was targeted to the NC, all three genes were expressed symmetrically in the bilateral heart primodia (n ¼ 13-15). In contrast, when Ets1-MO was targeted to cardiogenic region, the expression of cardiac genes was affected. While the expression area of Nkx2-5 was mildly reduced (n ¼ 10/17), the expression level and area of Tbx20 were decreased significantly (arrow, n ¼ 15/ 19). Tbx20 is normally expressed near the ventral midline, where the two heart primodium meet to form the primitive heart tube. However, this expression was largely abolished on the Ets1-MO injected side. Similarly, Tbx1 expression in heart primodium was also reduced (closed arrowheads). The reduced expression of cardiac genes was rescued by adding back Ets1 in cardiac mesoderm. Since Nkx2-5 is mainly expressed in the myocardium, while Tbx20 is expressed in both myocardium and endocardium, including high levels in endocardial cushions, 37, 38 their differential responses to Ets1 knockdown suggest that Ets1 is specifically required for endocardium development.
Ets1 is also required for cranial cartilage formation
Since cranial NC cells contribute to many other important derivatives in addition to the cardiovascular system, such as the facial cartilage and bones, we asked whether the migration defects caused by Ets1-MO had later consequences on cartilage formation. Alcian blue staining was performed to examine craniofacial cartilage in stage 45 embryos.
The results show that NC-derived mandibular, hyoid, and branchial arch cartilages were completely abolished on the injected side ( Figure 6) . Thus, the defect in NC migration later results in a general failure in facial cartilage formation. This is particularly interesting since patients with Jacobsen's syndrome and DiGeorge syndrome have craniofacial defects in additional to heart defects.
Discussion
In this study, we have examined the role of Ets1 in heart development using X. laevis as an experimental system in which we can individually target either the NC or the cardiogenic mesoderm. The results show that Ets1 is required in both cardiac NC and cardiogenic mesoderm for proper heart formation, albeit with distinct roles for each tissue of origin. After loss of Ets1 in the cardiac NC, the formation of the aortic arch arteries is disrupted, consistent with the findings that aortic arch arteries are largely derived from cardiac NC in the frog cardiovascular system. 35 In contrast, Ets1 loss-of-function in heart mesoderm abolishes endocardium formation and dramatically impairs heart morphogenesis, suggesting an essential role for Ets1 in the development of the endothelium.
Ets1 in NC cell adhesion and cell migration
Our grafting experiments demonstrate that Ets1-MO affects the delamination and collective migration of NC cells, as well as their segregation into discrete streams. In chick embryos, Ets1 is expressed in the cranial Dual roles of Ets1 in Xenopus heart development Figure 4 Ets1 is required in both cardiac NC and heart mesoderm for heart formation. Embryos receiving Ets1-MO in NC cells or heart mesoderm on both sides were collected at stage 28 (A) for examining primitive heart tube formation or stage 45 (B) for chambered heart formation. The embryos were transversely sectioned and stained with haematoxylin -eosin for better visualization of their histology. (A) In control embryo, a single endothelial heart tube forms inside a partially closed myocardial heart tube (n ¼ 3). Ets1-MO in NC does not affect such heart tube formation despite a slight delay in the fusion of the endocardial tube (n ¼ 2). In contrast, Ets1-MO expression in heart mesoderm abolishes the formation of the primitive heart tube (n ¼ 4). The layer of cardiac myocytes is present but fails to form a tube. Arrows indicate myocardium and arrowheads indicate endocardium. (B) At stage 45, three-chambered heart is formed. From rostral to caudal sections, paired aortic arch arteries (AA) join at the OFT, which then connects with a single ventricle (V). Spiral septum (SS) shows as partial ridges in the section. Two atria are also visible dorsal to the ventricle. When Ets1 is knocked down in NC, the formation of aortic arch arteries is disrupted (n ¼ 4). The vessels of the artery are not distinct, and often missing on one side. The OFT is also somewhat misshapen, although the spiral septum is still present. Most caudally, the ventricle and atria are largely unaffected. When Ets1-MO is expressed in heart mesoderm, the formation of the heart is essentially destroyed (n ¼ 3). The heart is basically a single chamber with thick myocardium, continues from OFT to ventricle, with blood trapping inside. All sections are arranged with dorsal to the top. Scale bar ¼ 0.2 mm.
S. Nie and M.E. Bronner but not trunk NC. Whereas cranial NC cells migrate collectively, trunk NC cells migrate largely as individuals. However, over-expression of Ets1 in the trunk converts trunk NC to a more collective type of migration and results in local degradation of basal lamina. 39 Thus it is possible that Ets1 directly or indirectly regulates cell adhesion amongst NC cells and/or between NC cells and neighbouring tissue to control their migratory behaviour. During the cranial NC epithelial to mesenchymal transition, the levels of N-cadherin and E-cadherin appear to be fine-tuned to allow NC cells to first detach from the neural tube and next dissociate with each other, thus initiating migration. 40 During NC migration, cell adhesion is also dynamically modulated. NC cells not only interact with each other to generate cell polarity and directionality through contact inhibition and co-attraction to efficiently migrate, but also sort into different migratory streams based on the different receptors they express. 41 -47 The role of Ets1 in these processes is not yet known, but given that Ets1 is an important regulator of NC specifier genes like FoxD3 and Sox10, 32, 33 it may be upstream of many migratory and adhesive events. The present results are consistent with this possibility, since we observed pronounced defects in NC migration and segregation into streams after loss of Ets1.
Ets1 in endothelium differentiation and heart morphogenesis
Loss of Ets1 in heart mesoderm results in highly abnormal heart development. Formation of the primitive heart tube is severely delayed and the three-chambered heart conformation is lost. Although myocardium formation appears to occur relatively normally, there are serious defects during endocardium development. Through an endocardial -mesenchymal transition, the endocardium serves as the source of mesenchymal cells in the endocardial cushions that give rise to valves and septum, including the membranous portion of interventricular septum. 48 The lack of these structures and the partial loss of Tbx20 expression suggest that endothelium development is abolished by Ets1-MO. This is consistent with observations from other studies that Ets family members are involved in endothelial differentiation. 17, 49 The defective heart conformation may be a secondary effect to the loss of endocardium tissue. For example, endocardium plays an important role in signalling to cardiomyocytes for the formation of trabecular myocardium. 50, 51 Specifically, Neuregulin1 secreted by endocardium can activate ErbB2/ErbB4 in myocardium to promote trabeculae Figure 5 Ets1-MO is required for endocardial gene expression. Embryos receiving 10 ng of Ets1-MO on one side (marked by asterisk) were analysed at stage 22 for cardiac gene expression by in situ hybridization. When Ets1-MO was targeted to NC cells, the expression of cardiac genes was not affected (n ¼ 13 -15). In contrast, Ets1 knockdown in heart mesoderm reduced the expression of Nkx2-5 and Tbx20. While the expression of myocardial gene Nkx2-5 was only mildly reduced (n ¼ 10/17), the expression of Tbx20 that is required for both myocardium and endocardium was markedly decreased (arrow, n ¼ 15/19). The reduction in cardiac gene expression was rescued by coexpressing Ets1. All panels are ventral views with anterior to the left. The dashed lines mark the ventral midline. Scale bar ¼ 0.5 mm. Figure 6 Ets1-MO disrupts cranial cartilage formation. Ventral views of the stage 45 heads illustrate formation of cranial cartilage outlined in upper panels. Alcian blue stained cartilage were dissected and shown in the lower panels. While mandibular, hyoid, and posterior branchial arch cartilages were distinct in the control head (n ¼ 12), cartilage formation was completely abolished by Ets1-MO (asterisk marks the injected half; n ¼ 14). Cartilage formation in the contralateral side of Ets1-MO injected embryo was also impaired, likely due to a delay in cartilage maturation. Scale bar ¼ 0.5 mm.
Dual roles of Ets1 in Xenopus heart development formation, 52 while Notch from the endocardium activates BMP10 in myocardium to promote trabeculae proliferation. 53 How Ets1 regulates endothelium development is not yet clear. In mouse, Ets1 has been shown to potentially bind to a distal GATA4 enhancer that is specifically expressed in endocardium, 54 suggesting that Ets1 may be involved in endocardium specification. In vitro, Ets transcription factors have also been implicated in regulating endothelium cell adhesion in a mouse endothelial cell line. 55 Ets1 has been shown to directly activate myocyte enhancer factor 2 (MEF2) during endothelium development, 56 suggesting that Ets1 may also play a role in its differentiation.
Consistent with this possibility, our results show that MEF2 expression in cardiac region is slightly reduced by the loss of Ets1 (Supplementary material online, Figure S2 ). However, we cannot rule out the possibility that there may be an early defect in artery formation and/or a defect in artery maintenance.
Interactions between cardiac NC and heart mesoderm during heart formation
The present results show that Ets1 is required in both NC and heart mesoderm for proper heart formation, with Ets1 likely playing different roles in the two tissues. In the case of aortic arch artery formation, cardiac NC cells migrated into pharyngeal arch arteries and interact with the endothelial cells lining the great vessels during the formation and remodelling of the arch arteries. Although the requirement for the cardiac NC and the endothelial cells are different during the development of aortic arch arteries, the loss of Ets1 in either tissue leads to similar defective aortic arch formation. The observation that loss of Ets1 in cardiac mesoderm does not affect the migration of cardiac NC cells into pharyngeal arches (data not shown) suggests that the interactions between the two populations happen after they meet in circumpharyngeal area. For example, the cardiac NC cells colonize the aortic arch arteries and differentiate into smooth muscle cells may receive signals from the endothelial lining to make remodelling decisions. On the other hand, cardiac NC may also influence the development of cardiac mesoderm. Cardiac crest cells migrate through the pharyngeal arches and associate with the second heart field before entering the heart. The time and position of the formation of second heart field overlaps with the position where cardiac NC cells pause and rest. 5 Thus, they may influence each other during the formation of the aortic arch arteries and OFT. Consistent with this possibility, cardiac NC ablation disrupts the development of arterial pole by interfering with the second heart field cell's integration into the heart, suggesting that the interaction with cardiac NC is required for the development of second heart field cells. 57 Our results also support this notion that, although cardiac NC does not contribute to OFT in Xenopus, 35 disrupted cardiac crest by Ets1-MO also led to misshapen and smaller OFT formation, suggesting that fewer second heart field cells migrated into the OFT to lengthen the heart tube.
Our NC loss-of-Ets1 embryos phenocopies several cardiac and craniofacial defects associated with DiGeorge syndrome or 22q11 deletion syndrome. 58, 59 One of the genes in the locus and thought to be responsible for much of the phenotype is Tbx1. 60, 61 Interestingly, Tbx1 is expressed in the pharyngeal ectoderm, endoderm, and second heart field, but not in NC cells, suggesting that Tbx1 acts in a non-cellautonomous manner on NC cells. Consistently, we observed a decrease in Tbx1 expression in heart primodium after loss of Ets1 in the Xenopus cardiac mesoderm, confirming a positive influence of cardiac mesoderm on cardiac NC cells.
In summary, the present results have revealed new functions for an important developmental regulator, Ets1, in heart development. Although the role of Ets1 in the NC has been well established using mouse models, the defects observed in patients with mutations in Ets1 are more complicated than those observed in animals with conditional knock-outs of Ets1 in the NC. By using a complementary animal model system in which it is possible to separately target knock-outs to NC vs. presumptive cardiac mesoderm, the present experiments highlight the importance of Ets1 in the mesoderm and provide an animal model for further study of Ets1 downstream targets. Some of the direct targets of Ets1 in the NC have recently been elucidated. For example, Ets1 is a direct transcriptional regulator of Sox10 and FoxD3, both critical genes in the NC lineage. 33, 34 In contrast, direct targets of Ets1 in the cardiac mesoderm are not yet known. Our data suggest that in Xenopus Tbx1 may be such a target, perhaps partially accounting for the phenotype that may be involved in disorders like DiGeorge syndrome. Thus, further analysis of direct, tissue-specific targets of Ets1 is likely to provide new insights into the ontogeny of cardiovascular defects.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
